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© A device (10) for compressing a ventricle (12) of a heart (102) from one or more sides in synchronism with 
the natural contraction of the ventricle (systole), and providing arrhythmia control of the heart, is completely 
implantable in the body (100) of a patient user externally of the heart. Compression of the ventricle (12) is 
produced by a plurality of spaced compression plate assemblies (118) and a ventricle apex-compression plate 
(not shown), a single compression plate-band assembly (300,304) or tightenable bands (300'). The compression 
plate assemblies (118) comprise suitable located electrodes (144,152,154) for heart monitoring purposes. 
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BACKGROUND OF THE INVENTION 
Reld of the Invention 

5 This Invention relates to a ventricular assist device and a cardiac compression assembly according to 
claim 1 and claim 4 respectively. 

Description of the Prior Art 

10 The need for an improved ventricular assist device has long been apparent. The pool of patients 
suffering from congestive heart failure (CHF), a progressive disease often precipitated by acute myocardial 
infarction, continues to grow. In 1983 alone the estimated incidence of CHF, in the course of which the 
heart's mechanical pumping action is severely compromised, was 400,000 in the United States. Some 2.3 
million or more persons suffer from varying degrees of the disease, with the estimated annual death rate 

is from mechanical cardiac dysfunction being 165.000. Individuals with worsening CHF who otherwise would 
be expected to have years of productive life ahead of them, are generally regarded as candidates for a 
ventricular assist system. At present, however, no generally recognized safe and effective assist device is 
available. 

Another, patient group potentially in need of mechanical heart assistance consists of cardiac surgery 
20 patients who otherwise would die from profound refractory heart failure after removal of cardiopulmonary 
bypass. The intra-aortic balloon has been used to assist the circulation mechanically when other therapies 
have failed to allow weaning from cardiopulmonary bypass. However, half of these assisted patients die 
from cardiogenic shock (heart failure) despite the intra-aortic balloon. Therefore, a need exists for a more 
effective form of mechanical circulatory support that is capable of maintaining the systemic circulation and 
25 unloading the left ventricle while native myocardial function recovers. 

A third patient group requiring mechanical heart assistance are those tachyarrhythmia patients who are 
at risk of sudden death due to electrical cardiac dysfunction but who also are at risk from mechanical heart 
failure. . 

In sum. it is estimated that a safe and effective implantable heart assist device could save the lives of 

30 100,000 or more patients a year; some estimates go as high as 230,000. 

In most cases, the underlying causes of the heart's weakened condition are coronary artery disease and 
its sequelae. The majority of these patients have a normal right ventricle but a left ventricle that has been 
damaged in specific regions by partial or complete arterial blockages. Ideally, then, a device designed to 
assist the failing heart should be able to supplement the heart's workload and also compensate for or 

35 support weakened portions of the left ventricular wall, including the apex or interventricular septum. Such a 
device might also incorporate pacemaker and implantable cardioverter/defibrillator technology for treating 
those patients who also suffer from such electrical dysfunctions as bradycardia or tachyarrhythmias. 

Present ventricular assist devices (VADs) and artificial hearts have not met these needs. Existing 
devices generally feature blood flow pathways made from nonbiological materials. These materials (e.g., 

40 acrylics, Teflon, silicone rubber) often damage blood cells and blood proteins and produce clots, thereby 
presenting a generic risk of downstream lodgment (thromboembolism) in the circulatory system; attempts to 
coat plastics with heparin, an anticoagulant, have not been successful on a long-term basis. In fact, blood 
clots cause most of the deaths reported after implantation of an artificial heart or assist device. Depending 
on where lodgment occurs, blood clots may cause strokes, kidney failure, death (necrosis) of the intestinal 

45 wall or peritonitis, or equally severe damage to other organs. 

In addition, cardiac arrhythmias may develop during ventricular assistance and adversely affect blood 
flow. Present assist devices do not treat these electrical dysfunctions. Other problems with existing assist 
devices include their substantial weight and the fact that they displace a large volume in the patient's body, 
which complicates implantation and increases the risk of other complications. 

so Another significant difficulty involves energy supply and consumption. Because current VADs lack a 
satisfactory implantable energy source, they must be continuously powered percutaneously. This produces 
a high risk of infection and generates psychological problems for the patient, who must be constantly 
tethered to an external power source. Some VADs now under development may offer rechargeable 
implanted batteries coupled with continuous electromagnetic energy transmission through the skin, the 

55 external energy source being a series of nickel cadmium batteries placed in a vest or belt. Other state-of- 
the-research-art VADs may allow the patient to remove the vest or belt for a brief period-up to 20-30 
minutes, for example. However, greater freedom from external device dependence continues to be 
constrained because the implantable batteries used in these devices have a limited number of recharge 
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temperature State " 0f " Charge indicators - P° or e "^9V density, and poor energy retention, particularly at body 

Previous attempts to provide ventricular assistance have ranged from artificial hearts (e.g.. the Jarvik-7) 
to devices which directly pump the blood via an artificial pathway inserted through the ventricular wall to 
s dances which exert pressure on the outside of the heart. Most frequently, pressure-exerting devices involve 
some form of flexible bladder within a support structure such that expansion of the bladder presses on the 
ventr.e e anc "achates expulsion of blood. See. for example. U.S. Patents 3.587.567 to Schiff; 3.371.662 to 

TJLkI \ 'T'f? 10 GOe,Z: 4>192 ' 293 ,0 AsnCan - Ano,her a™*™* related device (U.S. Patent 

,„ Z TV \ S, 5 ] « n u v : S,0nS 3 ,runcated conical structure °< sac-lined rigid panels separated by 
io contractible and expandable sections. y 

In all of these proposed devices, the support structure encases all or most of the heart and either 
pushes against or otherwise contacts the right as well as the left ventricle. This complicates ventricular 
assistance since most cases of heart failure are due to a failure of the left ventricle, not the right. The right 
ventricle, which pumps against a pressure that is typically one-fifth of that seen by the left, is generally 
capable of proper function without assistance. Accordingly, these devices risk preferentially pumping blood 
from the right ventricle, as a consequence of which blood would accumulate in the lungs and cause 
pulmonary edema. In recognition of this difficulty, one recent proposal (U.S. Patent 4,536.893 to Parravicini) 
env.s.ons using two segmented sacs, selectively fed by a pumping fluid, to compress the ventricles 
SBparstGly. 

Bladder systems have additional shortcomings. These include the possibility of catastrophic bladder 
flu.d leakage, a propensity for damaging the heart surface due to poor fixation and/or rubbing of the bladder 
against the heart's surface, and the unnatural convex form presented to the heart's surface during systolic 
bladder expansion. " ' 

Another type of cardiac assist system is designed to compress all or part of the heart by alternately 
tightening and releasing a circumferential compression band. For example, one proposed system for body 
organs (U.S Patent 4.304,225 to Freeman) involves a flexible strap which is fixed to a contoured plastic 
block and wh.ch would pass across the back of the heart. In response to electrical pulses, a motor 
assembly would .alternately reel in and release the flexible strap, thereby forcing fluid from the subject 
organ. One liability of this approach is that a pressure of between 20 and 70 mm Hg in the volume under 
the strap would pump blood from the right ventricle but not the left, since 70 mm Hg or more is required for 
blood to exit the left ventricle into the aorta. As with the bladder-type devices discussed above such a 
preference could lead to a buildup of blood in the lungs, producing severe pulmonary complications 

U.S. Patent 4.583.523 to Kleinke and Freeman illustrates a heart assist mechanism with some 
similarities to the present invention. However, there are numerous differences. For example, Patent 
4.583.523 compresses the aorta, not the left ventricle, and it compresses during the diastolic phase of 
cardiac contract.cn instead of the systolic phase. Furthermore, it has no means to continuously control the 
depth of stroke. Specifically, there is no means to monitor the adequacy of left ventricular stroke volume. 

SUMMARY OF THE INVENTION 

This invention relates to an implantable ventricular assist device which includes (1) one or more 
movable compression mechanisms for engaging the left ventricle of the heart; (2) an operating mechanism 
for cycl.cally actuating the movable compression mechanisms and thereby alternately ejecting blood from 
the ventricle and permitting the ventricle to refill; (3) a sensing means to detect adequacy of left ventricular 
stroke volume and/or pressure. (4) a control mechanism to assure adequate left ventricular stroke volume 
by regulatmg the compressive force of the compression mechanisms, and also to control pacemaker 
cardioverter/defibrillator, and recorder subsystems: and (5) an electrical power source. 

More specifically, compression mechanisms for engaging the sides of the left ventricle may be spaced 
tr.ax.ally. A typical configuration would have three compression assemblies placed in the anterior lateral 
and postenor positions with respect to the left ventricle; viewing the left ventricle from the base of the heart 
and posit.on.ng the midpoint of the right ventricle at 270'. typical midpoints for the three compression 
assemblies would be 190 • , 90 • , and 350 • . 

Each compression mechanism includes a contoured pressure plate and a soft contact pad mounted on 
the .ntenor plate surface for suturing and/or gluing the compression mechanism to the ventricle An 
exam.nat.on of explanted cardiomyopathic hearts suggests that the typical compression assembly surface 
should be 4-5 cm long and should be tapered (wider at the top, narrower at the bottom), thereby reflecting 
the shape of the ventricle. Each compression mechanism should cover approximately 70 • -of circumferential 
arc. 
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To minimize mechanical stress on the myocardial surface, including the coronary arteries, the contact 
pad consists of an elastomer, such as silicone rubber, or a thermoplastic material (durometer range 30-50). 
To avoid edge stress, the thickness of each contact pad is progressively reduced toward its periphery. To 
further reduce stresses on the myocardium, bearings and axles are used to mount the pressure plates on 

5 the compression mechanism's driving arms: if the contracting heart produces a torquing force, the joint will 
permit the pressure plate, within specified limits, to follow the natural movement of the heart. 

In those few cases where the right ventricle also needs assistance, the triaxial compression mecha- 
nisms may be supplemented by a fourth, smaller mechanism positioned on the right ventricle. As another 
option, a smaller apical pressure plate may be added. Alternatively, one or more compression mechanisms 

70 may cooperate with a tension band surgically placed through the interventricular muscle wall of the heart; 
the opposite ends of the tension band would be connected to a rigid support external to the heart, with one 
or more pressure plates positioned between the block and the heart. In a further variation, the tension bands 
would be rigidly fixed to the compression mechanisms, which, when closed by the operating means, would 
reduce the circumference of the band opening and thereby squeeze the heart. 

is The operating mechanism, for cyclically actuating the compression mechanisms, includes a motor for 
inducing controlled reciprocating motion plus a means for mechanically translating this motion into 
pressure-plate compression. The invention includes a brushless. battery-powered D.C. motor which utilizes 
an annular energizing coil and magnets to drive a roller screw. The roller screw engages a bellows pusher 
(or a similarly functioning component, such as a rolling diaphragm), which in turn is connected, via fluid- 

20 filled elastomeric tubing, with a compression housing that contains a second bellows. When pressure is 
exerted on the first bellows by the roller screw, the fluid coupling transmits pressure to the second bellows, 
to which is attached a driving wedge that engages the mounted compression mechanisms and thereby aids 
ventricular compression. 

The fluid coupling permits the cylindrical motor housing to be implanted in a posterior mediastinum ' 
25 position parallel to the descending aorta, while the pumping mechanism housing is positioned in the left 

chest, adjacent the left ventricle. In a second embodiment of this invention, the motor housing and the 

pumping mechanism housing would form an integral unit, with the nut of the roller screw bonded to the 

driving wedge. In bpth embodiments, linear movement of the roller screw mechanically governs the degree 

of pressure-plate movement (compression and return) in the compression axis. 
30 To allow the pumping mechanism housing (first embodiment) or the integral motor/pump housing 

(second embodiment) to float with the natural movement of the heart, the assembly may be placed in a 

lubricant-filled sac. At the same time, tethering the assembly to, for example, the ventral surface of the sac 

would limit the degree of motion. 

The implanted, programmable control mechanism, for regulating actuation of the operating mechanism. 
35 utilizes input provided in part from device motion sensors, an arterial blood pressure sensor, blood flow 

sensors, heart rate-sensing (R-wave sensing) electrodes, and/or ECG morphology-sensing electrodes 

positioned in the heart and/or on the compression mechanisms. The associated pacemaker unit, implantable 

cardioverter/defibrillator and energy storage device, transcutaneous programmer/interrogation unit, and 

internal biological recorder are of types known to those skilled in the art. 
40 Further, the transcutaneous power supply is also of a type known to those skilled in the art. The 

implanted electrical source is a pack of high-energy rechargeable batteries and a pickup coil disposed in a 

biocompatible casing capable of subcutaneous placement. !n addition to providing energy to the control, 

operating, and compression mechanisms, device circuitry may also produce and conduct pacemaker pulses 

and/or cardioverting/defibrillating pulses via the abovementioned electrodes. 
45 Also, a manually operated mechanism may be provided for moving at least one pressure plate to 

compress the left ventricle in the event of a device malfunction; sensors may be included in the control 

mechanism for sensing such malfunctions. 

An object of the invention is to provide a new and improved biocompatible ventricular assist device 

which (1) can be completely and readily implanted in the patient's body, external to the heart and to blood 
so flow pathways; and (2) is relatively simple, light-weight, and compact. 

An additional object of the invention is to provide compression means which minimize trauma of the 

myocardial surface due to repeated artificial compression. 

An additional object of this ventricular assist device is to maximize the contribution of native left 

ventricular function, thereby maintaining the myocardium in an exercised state while increasing device 
55 efficiency and further lengthening the interval between rechargings. 

Another object of this invention is to provide such a ventricular assist device which also treats electrical 

dysfunctions (atrial and ventricular, bradycardic and tachyarrhythmia to facilitate synchronous pumping. 

thereby assuring an adequate flow of oxygenated blood. 
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A further object of this invention is to consume a relatively small amount of electrical energy for 
mechan.cal operation, thereby permitting the invention to function for a relatively long period of time 
between transcutaneous rechargings of the implanted power source 

Another object of the invention is to provide reliable operation over a relatively long time period such 
as a minimum of 5-10 years. M * ucn 

Yet an additional object of the invention is to provide reliable operation over a large number of cycles 

oar^J^Z*! iT nti ° n iS a,S ° 10 Pr ° Vide m8anS ,0r ^"^"sous Programming of operating 
parameters and transcutaneous interrogation as to prior operations. 

An additional object of the invention is to provide a failsafe mechanism whereby the compression 
means, in the event of device failure, does not restrict natural movement of the epicardium and whereby the 
device can be manually operated by the patient user or another individual. 

BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 is a schematic block diagram of a first embodiment of a ventricular assist device in accordance 
with the invention; 

Figure 2a is a schematic general front elevational view of the upper portion of a human body in which is 
implanted the first embodiment of the ventricular assist device in accordance with the invention- 
Figure 2b is a schematic general plan view as seen along the line 2b-2b in Figure 2a- 
20 Figure 3a is a schematic front view of an electronic module for the device; 

Figure 3b is a schematic side view of the electronic module shown in Figure 3a- 

Figure 4a is an enlarged front elevational view of a direct cardiac pumping mechanism of the first 
embodiment of the invention; 

Figure 4b is a separate front view of a part of the pumping mechanism shown in Figure 4a. illustrating 
25 first and second operating positions; y 
Figure 4c is a top view as seen along the line 4c-4c in Figure 4a; 

Figure 4d is an enlarged cross-sectional view of a drive mechanism in accordance with the first 
embodiment oi the invention, taken generally along the line 4d-4d in Figure 2a; 
Figure 4e is a view partially in cross-section, taken along the line 4e-4e in Figure 4d; 
30 Figure 4f is a cross-sectional view taken along the line 4f-4f in Figure 4d; 

Figure 5a is a cross-sectional front elevational view of a portion of a second embodiment of the invention- 
Figure 5b is a top view as seen along the line 5b-5b in Figure 5a; 

Figure 6 is a side view of an upper portion of a ventricular compression mechanism of the ventricular 
assist device; 

Figure 7 is a cross-sectional view of a portion of the ventricular compression mechanism shown in Fiqure 
6, taken along the line 7-7; a 
Figure 8 is an opposite-side view of a portion of the ventricular compression mechanism shown in Figure 

Figure 9 is a schematic view of a third embodiment of the invention in a first operating position- 
Figure 10 is a schematic view showing the embodiment of Figure 9 in a second operating position- and 
Figure 1 1 is a schematic view of a fourth embodiment of the invention. 

DETAILED DESCRIPTION 

Figure 1 discloses a block diagram of one embodiment of a biocompatible ventricular assist and 
arrhythmia control device 10 in accordance with the invention, hereafter referred to as the ventricular assist 
device, it being understood that numerous other variations of the invention are. of course possible As 
disclosed in Figure 1. the ventricular assist device 10, which operates, on demand, in synchronism with a 
heart left ventricle 12, comprises an implantable subsystem 14 and a subsystem 16 external to. and without 
penetrating, a patient user's skin 18. The implantable subsystem 14 includes a direct cardiac pumping 
mechanism 20 and a motor housing 22. both outlined by alternating dashes and asterisks The motor 
housing 22 includes a motor 24 and a rotary-to-linear motion converter 26 which mechanically initiates 
(directly or indirectly) the inward ventricle-assist motion of the pumping mechanism 20 when the left 
ventricle 12 begins to contract, limits and controls the degree of mechanical compression, and terminates 
the compression stroke so that the pumping mechanism 20 may return to its original outward position as 
the ventricle refills. The pumping mechanism 20 and motor housing 22 also include sensors which provide 
input to a device control system 28. within an electronic module 30. 
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r . The e !f tronic modu,e 30 - as indica ted in broken lines, includes, in addition to the control system 28 a 
rechargeable power supply 32 and an energy storage device 34. which may be one or Tore cScftL 

2 iZSZXtn 2 f t Urth6r '"f Ud6S 3 C3rdiaC ^ Unit 36 ^ 3 ™«™™^ lb Zlr Zt2 
5 ventriclT 12 Till? , T °r at '° n °' PUmpin9 m6ChaniSm 20 in synchronism with the .eft 
2 L ' k ? 9 '?, S ' 9nal reCOrdef 40: and 3 patient alarm device Another feature of the 
^nplantable subsystem 14 ,s an emergency manual pumping mechanism 44. .ocated outside the electronic 
module 30 and connected to the direct cardiac pumping mechanism 20 electronic 

tran^ln^T' " 3 ^ SUPP ' y 46 " for charQinQ the internal power supply 32 

transcutaneously. and non.nvas.ve combined programmer/interrogation units 48 50 

° 1 im^Tn 23 ^ Sh ° W VentriCUlar aSSiSt deViCe 10 ' 35 rented by the block diagram of Figure 

ouZnt of ki 3 h K P °K ,0n ° f 3 hUman b ° dy 100 ,0r assisti "9 ,he ,e « «e 12 of a heart 102 * the 
pump.ng of blood from the heart, through the aorta 104. and to the arterial system It i, tn Z ..«hI V !■ 
that the disposition of the various parts of the ventricular assist devicT 10 assSn n Rgures 2a tZ d 
subsequent figures is merely for purposes of lustration and that other .ocation arrangement mly be use" 
Mf ,?L P UmP ' n9 ,r Chan T 20 ( R 9 ure 2a > an 9ages the walls of the left ventricle 12 and is disposS in 

mechaTsm « I ITT^ *" ^ ' Un9 m A manUa " y ° pe ' ab,a button 108 * *• ma ua Sn g 
mechanism 44 ,s pos.t.oned between two adjacent ribs 110. with the button protruding under the skin 18 to 

r^jH 0 ™ 7 9Ur6S 33 3b ' th9 el6Ctr0niC m0du,e 30 and ^chargeable power supply 32 are 
combmed .n a sing.e cas.ng 1 14 which may be implanted in a subcutaneous abdominal pocket or LS ml 
rib cage. ,n which case an energy pickup coil 116 of the rechargeable power S^S^SSiS 
subcutaneously between two adjacent ribs 1 1 0 (Figure 2a). positioned 
As is best shown in Rgures 4a. 4b and 4c. the pumping mechanism 20 includes triaxial lateral oressum 
We assemblies 118 around the heart 102. for engaging and compressing the Tft " T 

7 TZTZ e "Til PaC T aker " initiated PUmPin9 aC,,0n - E3Ch PreSSUre «*- assemble jd 
mp-ST * n ? , ° f 3 s P r,n 9- tem P er ed. biocompatible, inert metal, such as the nickel allov 

dTer al^ llT ' **? ^Tr^ molybden ->- ^ " plate 120 is alSchedt 
«nlr'f hm' ? 1 V V °' ™ ******** m ount 126 so that the pressure plate may follow within 
specified limits, the natural movement of the heart. Each driver arm 122 or 124 is mounte Ton an actuator 
housing 128. pivoting on a light-weight, high-performance bearing 130. which Z Z bearinc TZ 
axle^anng mount 126. consists of a tubular Hning of woven TefLoacron f b an d a Tne? Ind 

bfocomoLHP ,T ma,nX , Th9 dn ' Ver 122 and 124 and *• **>»* fusing 128 cZst oi t 
biocompatible metal compound, such as Ti6AI4V (titanium, aluminium, and vanadium). Driver arms 22 and 

bfarino l^rT 7 ^ "* °' Wh ' Ch inC,UdeS a 134 LZZ™ ofiower 

bearing 136 (of similar construction to arm bearing 130). w»ower 

The above pumping or compression mechanism 20 is readily adaoted to varvinn rnmh;„o*v^ * 

sTalTnfif 6 r a T m H b,ieS , " a ^ eXamP,e ' ^ ,at9ra ' """^ ^uppleZtodt ^ o u rt ' 

smaller plate (not shown) positioned on the right ventricle 138 (Figure 2a). or with an aoicTolate moi 
shown) for supporting and supp.ying compressive force to the left ventricular apex 140 ' 

It should also be perceived that other embodiments of the pumping mechanism' 20 are oossible Far 
example. ,n a second embodiment of the ventricular assist device 10' as illustrated by Figures 5a and 5 a 
pumpmg mechanism 20' includes triaxial latere, pressure plate assemblies 118" (only Z Zln tn Figure 
5a) around the heart, with the upper portion of each pressure plate 120" adjoining the left JSEs iXj 
the lower portion extending downward into a driver arm 122" or 124' (two of he .atter) to lie ^ ^fastened 

atemS TlTis sho^ 5" T' ^ W j " »* itS a -ocia,ed pr u^p ato 

fo.r e M32' Dnter T'w l l^' T™™ C0 '^^Y longer to accommodate, wedge 
f o"ower 132 . Dr.ver arm 122 also differs ,n that its lower extension includes a six-sided rocker elate 202 
which extends over housing bearings 204 (one shown) to which each driver arm 124' is also fixed 

The pressure plates assemblies 118 (Figures 4a. b and c) are movable between solid line oositions 
when the left ventnc.e 12 expands (diastole) and broken line positions (Figures ^wTtel^TS! 
ventricle contracts Jysto.e). Strain relief sensors (not shown) may be incorporated on me pressure es 

Ifsi^ aSSUre * ^ PUmPin9 meChan ' Sm 20 d06S n0t restrict fi,,inQ of the left ventricle ifand L to 
assist compression unless natural compression is inadequate 

Referring to Figures 6. 7. and 8, each pressure plate assembly 118 also includes a contact pad 142 for 
glumg and/or sutunng the pressure plate assembly to the .eft ventricle 12. The contact Z M4 ^ bonded 
to an upper porfion of each pressure p.ate 120 by an adhesive, with both the contact pad and the adhesive 
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™" of electncal y insulating materials, such as a silicone rubber (reinforced with Dacron fibers, in the 

TZl^ P ?.. 0r 3 the / m0P,aStiC - additi0n - the C ° ntact pad 142 has a ,hickness whi <* ^ progressively 
reduced toward its penphery to avoid edge stress, and is soft enough (durometer range 30-50) to minimize 
the poss.b.hty that pressure from the pressure plate assemblies 118 would damage cardiac muscte or the 
SST °H W ° Uld , interfere With ,he mUSde ' S bl00d sup P'y- < !t shou,d be no ^ most of the 

JatesTsO ) ' S de ' iVered dUnn9 diaSt0le ' Whe " minima ' <0rce is exerted b * the P'° s ™° 

rtt^ZT??* 142 '" C ' udes a "*tangular electrode 144 bonded by an electrically insulating 
adhesive (e.g.. a silicone rubber), both to the ventricle-engaging surface of the contact pad 142 and to the 
pressure plate 120. To enable the e.ectrode 144 to make direct contact with heart tissue, the ven Lie 
,h V C0ntact pad 142 °P«nings 146. as is best shown in Figure 8. Each 

ejectrode 144 ,s connected to the electronic module 30 (Figures 3a and 3b) via conductors 148 (one shown 
in Figure 7) that are contained by a cable 150 bonded to one side of the pressure p.ate 120 and extending 

eZoS T H Ct H at0r Tf 9 ThUS m0ni,0rin9 and CM S * n * S are transmitted *> - 
electrodes 144. which may be formed of any suitable material, such as titanium wire mesh 

a9am t0 , R9 " fe 7 ' f f r purposes of cardiac ™«*°™<i a set of bipolar spaced electrodes 152 
also is provided on at least one of the pressure plate assemblies 118. The electrodes 152 are supported on 

the S™ P T 1 30 f d !! eSiVe ' SUCh 35 3 SiMCOne fUbber - and connec,ed 10 conductors of 

S o I h T^' ; ShaPed biP ° lar e,eCtr0de 154 (R9Ure 2a) is imp,an,ed in « ne ar the right atrium 
156 of the heart 102 and ,s connected to the electronic module 30 (Figures 3a and 3b) by insulated 
conductors 158 (only one shown): the connection means may include, for example, a plug 160 that mates 
with a socket 162 in the electronic module 30. The spaced bipolar electrodes 152 and 154 each have an 
interelectrode spacng of 1-2 centimeters and may be formed of platinum or platinum-indium 
.h* ^c!' "Tf COnditi °" s - taction of the left ventricle 12 can be properly assisted by compressing 
ZSXZH 171™ appr0Ximate, y °- 46 -°- 50 incbas 0 centimeter). Although cineangiography 
studies indicate that the requisite compression distance is relatively independent of heart size different 
heart sizes can be accommodated by increasing (or decreasing) the thickness of the contact pads 142 and 
by se eding larger or smaller plates 120. In addition, the compression mechanism 20 has been designed 
£111! 0ne ; Cent, ™ te r stroke ca " be accomplished within a start-stop range of two centimeters; this 
permits the pos.t.on of the pressure plate assemblies 118 to be adjusted to accommodate a range of heart 

The ventricular assist device 10 is particularly useful if the heart's left ventricle 12 has been damaged 
by scarring. As H.ustrated in Figure 2a. a thin area of scar tissue 164 has formed on the ventricle's ventral 
wall replacing contractile muscle. This thinning of the cardiac tissue is a common cause of weakened left 

svstofe 1 U I Ct r; h NOt ° n ' y "J" 8 SCar tiSSUe 164 UnaWe t0 COntraCt " » «*««* bu '9* ou'ard durng 
th ™ , J Zl , e ™ 9y ° COntraction from the fanctloning muscle tissue. Accordingly, by positioning 
the contact pad 42 of a pressure plate assembly 118 over the scar tissue 164. outward bulging of the thin 
wall dunng systole is prevented and proper contraction is achieved. 

As shown in Figure 4d. the motor housing 22 includes a brushless DC motor 24 that drives the pumping 

Sres'Ta anf ST " rechar 9 eabla ba « eries «B in the electronic modu.e 3^ 

^gures 3a and 3b) and includes an annular energizing coil 24c which surrounds an annular series of 

S IT , ^ Sh °: n) ' ^ Pem,3nent ma9P9tS COnSist 0f "oodymium. iron, and boron 
(Nd2Fe14B), or similar materials, for maximum efficiency and reliability as well as minimum weioht An 
energizing field is applied to the permanent magnets in sequence to drive a roller screw device 168 which 
converts rotary motion to linear motion. The roller screw device 168 may. of course, be replaced with a 
different type of hnear actuator (e.g.. a ball screw or a set of appropriate gears), if so desired 

The brushless DC motor 24 may be of a type available on a custom design basis from Sier- 

eZTZTZ^T^ " HCh 3 M - ° Vera " S ' Stem (^hanica. 

Z?X!£ T ener9y ° m batterieS) iS ab ° Ut 6 °- 70% 0r more - which is significantly higher than 
the motor 24 is ^ ~" * ,yPiCa ' "* « d6Si9 " parameters *» 
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Motor: 

Rated tnrntifl 

5 oz-in 

Rated speed 

3/4 radians/sec 

Input current 

1.1 amperes 

Input voltage 

10 volts 

Input power 

13 watts 

Output power 

11 watts 

Efficiency 

85 percent 

Duty cycle 

25-50 percent 

O.D. 

1.25 in 

LD. 

0.31 in 

Height 

0.87 in 

Weight 

70 grams 
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The roller screw device 168 is also of a known type, such as that available from Rollvis S.A of Geneva 
Sw,t 2 erland. It features a rotatable outer cylinder (nut) 170 that is internally screw threaded and a 
rec.procat.ng shaft 172 that is mounted in the cylinder 170 and externally screw threaded. Deep groove ball 
bearings 174 permit the reciprocating shaft 172 to slide, but not to rotate; this may be accomplished for 
example, by mterengaging splines and grooves (not shown). Another set of ball bearings 176 (Figures 4d 

exerted onThfnuri^O 9 ' 00 " 6 *" h ° USin9 ^ "* * ^ ^ ^ that WOuW otherwise be 

Referring to Figures 4d and 4f. integral with the periphery of the nut 170 are four arms 178 which are 
extended between the bearings 174 and which are welded to one end of a bellows pusher 180. The bellows 
180. like the motor housmg 22. is formed from a suitable biocompatible material, such as Ti6AI4V An 
elastomenc tube 182 extends from the end of the bellows 180. through the end of the motor housing 22 
and connects to a reciprocating bellows 184 that is contained within the actuator housing 128 (Figure 4a)' 
The Pared bellows-180. 184 and connecting tube 182 contain a biocompatible fluid, such as mineral oil 
and together constitute a fluid coupling. »wwrdi on. 

■^Z T 1 ' 0 " ? reciprocatin 9 shaft 172 «*«es the nut 170 to exert pressure upon the bellows 180 
with the fluid coupling then transmitting pressure to the second bellows 184. to which is welded a driving 
wedge 186. In turn, the wedge 186 exerts lateral pressure on the wedge followers 132. which then cause 
SmdtTneously aSSemb " 6S 118 ,0 P '' VOt 00 ,he m bearin 9 s 130 and impress the left ventricle 12 

» m hl? Se ? nd en ^ diment of the neuter assist device 10' (Figure 5a) is similar to the preferred first 
embodiment except that an actuator housing 128' and a motor housing 22' are directly joined, with a drivino 
wedge 186 permanently bonded to and surrounding a roller screw nut 170' such that a single wedge 
fol ower 132 .s directly engaged upon linear movement of a reciprocating shaft 172' (downward in Figure 
5a) The wedge 186 . which is also supported along the distal wall of the housing 22' by bearings 206 (of 
similar construction to bearings 130'. 136'. and 204), exerts lateral pressure on the wedge follower 132' 
which .n turn causes a right pressure plate assembly 118' to compress the heart 102'. Collaterally as driver 
arm 122 pivots on right arm bearing 130'. rocker plate 202 is forced downward, exerting pressure on 
housing bearing 204 and causing the driver arms 124' to pivot on their respective arm bearings 130' As a 
result, all three pressure plate assemblies 118' compress the left ventricle 12' simultaneously. It is also 
contemplated that the coupling of a motor 24' and the roller screw shaft 172' could be achieved bv a 
magnetic clutch so that in the event of power failure the pressure plate assemblies 118'. like those of the 
preferred embodiment, would present no resisting force to the left ventricle 12' 

To allow the cardiac pumping mechanism 20 (or combined pumping mechanism/motor housing 20' 22') 
to float with the natural movement of the heart, they may be placed in a lubricant-filled sac (not shown) At 
the same time, tethering the assembly to the ventral surface of the sac would limit the degree of motion 

In the embodiment of the invention as shown in Figures 9 and 10. a ventricular assist device'lO" 
includes a pressure plate assembly 118" positioned on a lateral wall of a left ventricle 12" of a heart 102" 
However, .nstead of the pressure plate assembly 118" being opposed by other left ventricular pressure 
plate assembl.es, an intermediate portion of a titanium or platinum tension band 300 is surgically placed in 
an interventricular muscle wall 302 between the left ventricle 12" and a right ventricle 138" Opposite ends 
of the tension band 300 are fixed to a rigid support (e.g.. a curved plate) 304 implanted in adjacent body 
tissue so as to be essentially immovable. A separate defoliating electrode 306 is mounted on the outside 
of the nght ventricle 138". for providing cardioverting/defibrillating current to the inner surface of the 
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pressure plate assembly 118". 

uvTLV^V*?^ aCti0n ° f tHe VentnCU,ar aSS,St device 10 " when ,he assure plate assembly 
18 ,s moved to the left by a pumping mechanism of the type shown in Figures 4a or 5a The oresTu I 
plate assembly 118" and the rigid structure 304 separate, resulting in construction o tne Xft ^STS 
5 during ventricular contraction. The advantage of this embodiment of the invention is that it compenS es for 

ss iTcT^^r 9 wa " 302 and - by — 9 - — 

In the further embodiment of the invention shown in Figure 11. a ventricular assist device 10'" includes 
one or more enarchng bands 300' (only one shown) positioned around, for example, a left ventricle S - Is 
ZF&ZZ? \ ,nt fr diate POrti ° nS °' ^ b3ndS 30 °' afe sur 9ically implanted in a ele fricufa 
h^f™ 6 "I V9ntnC ' e 12 "' 3nd 3 heart " 9ht ventricle 13ff " F ^her. opposite ends of t e 

bands 300 are connected to a suitable operating mechanism by being rigidly fixed (e g welded! to two 
pressure plates 1 20"-. Thus, when the pressure plates 120- Cose, the ban's 300' are moveTfrem sl^ 
broken line pos.tions. thereby compressing the left ventricle 12'" 

' 5 ma JTZ^ te lr nC f *. Fi K 9Ur9S 3b ' 4a ' ^ and 7 ' a " e ' eCtrical conductor co " d ^t or cable 188. which 
may be bonded to the actuator housing 128 (as in Figure 4a). includes a multipin connector 190 (Hgure 3) 

ISiVS WhlCh rf C ° n " e D CtS ^ 3 m3tin9 P,U9 192 ,h3t is moun,ed on casing 114 of he Snfc 

cabStso 88 h ,° USeS a " eleCtnCa ' C ° ndUCt0rS **" 148 in R 9"^ 7 > n«»hQ between The 

,„ k PfeSSUre Pl3,e assemblies 118 and the electronic module 30. Similarly an ehSS 

2? B n r n C ° n T S ^° M ^ 22 ™ Uf ° to ,he «°«<™ modulo v" a sTcond 

multipin connector 196 and second mating plug 198. secono 

Referring again to Figures 1 and 2. the functions of the electronic module 30 will now be discussed 
While h the , description refers primarily to the preferred embodiment of the invention, it is to £ £Z£ 
25 lentn P ^ mOMons - is a,so a <» te *» «*" possible embodiments oUhe 

The electronic module casing 114 (Figure 3) houses, in part, one or more electronic circuit packs 52 

S^cHn? -T SUPP ' y ? ^ ' atter ,nC ' Udin9 ,0Uf " M ° atteries he e r9y 

rn„S ,0 ° n ' C C ' rCUIt ^ 52 C ° ntain the various units sh own i" Figure 1. including the 

The control system 28 may utilitze a variety of sensing strategies to provide optimal mechanical 
pumping ass.stance in any of three basic modes: norma, left ventricular assist mode. venTrLr a rrhr 
m.a/asystole mode, and failsafe/standby mode. During normal assist mode, the pressure pSe assies 
118 assist ,n ventricular compression as needed to maintain sufficient blood flow In the evenfof 
tachycardia ventricular fibrillation, or asystole, cardioversion/defibrillation or pacing is attempted Taoolo- 
pnate. Shou d cardioverting/defibri.lating energy be needed, the pressure plate assembST U w 00 2 fi st 
compress the heart 102 so as to eject blood from the organ and thereby decrease the card'oversS 
defibrillator, energy threshold. If this electrical therapy is unsuccessful/the pumping nSSTS 
responds by compressing the left ventricle 12 at a rate of approximately 72 beats per mTnu e aTd wrth 
sufficient compression depth to maintain systolic pressure of about 90-120 mmHg. In faiTsate Ze Te 
pressure plate assemblies 118. in response to failure of the implanted system would permT natural 

P Tn::™r d r ,he manuai pumping ™* 44 «* ^-ss n: 

erodes 0 S SrT ? Titl 5" T' ° f Se " S ° fS - ^ da,a from Sensing 

electrodes 152 (Figure 7) or 154 (Figure 2a) enable the control system to coordinate pressure olate 

STST? T P " W T ^ l ° Pr ° Vide A ^ SynChr ° ny ,0r ° ptimi2ed b,ood if desired ^ypicany 

maonet ^hTT* *?. ? ** bfUShl9SS ° C m ° t0r 24 ' in combinatio " *• motor's etghi 

magnets may be used to determine the position of the pressure plate assemblies 118 by sensinq rotatfon 

72 *mZ ? T' "? !! C T ^ tranS,3ted inf ° ,ine3r dis P' ace — of the roller screw's 1 prSng^ 
172 Alternatively, exact displacement of the reciprocating shaft 172 can be determined by inteqratina the 

"Z^TT ° f T- WWCh iS direCtlV PrOPOni0n3, ,0 the back electromotive folS o S 
motor 24. The pressure plate closing velocity and force also can be readily controlled, if desired by vary no 

the torque of the motor 24 by a servo mechanism 24s (shown schematically in Figures 2a and 4d) 

By analyzing such information the control system 28 can calculate and adjust such variables as election 

fraction, aortic blood pressure, stroke volume (cc/beat). and blood flow rate (cc/sec) For "amp te the heart 

102 may be allowed to fill to any left ventricular end diastolic volume, depending on left atria, vels re urn 

Then, based on p.ate position data, the current of motor 24 can be adjusted to obtain a JedTnarejSon 

position (end systo.ic volume) in the compression stroke. As another option, a fixed current ca be app ed 
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for a given time to the motor 24, which results in a fixed torque and force to the pressure plate assemblies 
118. This will result in variable end compression positions, depending, for example, on filling time and 
volume. On the other hand, varying levels of force can be applied to the pressure plate assemblies 118 
with sensors then reading the resultant blood pressures and enabling the control system 28 to adjust the 
force or the end pressure plate position to maintain a programmed aortic blood pressure. Aortic root blood 
pressure may be sensed using a solid-state pressure transducer (not shown) positioned in the aortic wall. 
As yet another approach, over a specified number of beats pressure plate work can be gradually added, as 
a supplement to natural heart function, until aortic systolic pressure reaches a preprogrammed level. Using 
servocontrol techniques, the amount of pressure plate assistance will automatically adjust to the level 
required by the natural heart 102 to maintain the desired aortic pressure. Stroke volume can also be 
assessed, by measuring impedance across the electrodes 144, since impedance is related to blood volume 
within the heart 102. 

The control system 28 also contains various automatic self-test features. For example; each time the 
energy storage device 34 supplies energy to the motor 24 for assisting blood circulation or to the 
cardioverter/defibrillator unit 38 for tachyarrhythmia conversion, the internal voltage of the batteries 166 is 
compared to a threshold value in a battery test circuit 54 (Figure 1). If the battery voltage drops below the 
threshold value, the battery test circuit 54 enables the patient alarm 42, which may utilize a piezoelectric 
crystal to produce an audio tone. The patient alarm 42 can also be enabled each time a tachyarrhythmia is 
detected by the control system 28, thereby warning the patient that he is about to receive a defibrillation or 
20 cardioversion pulse. 

The control system 28 also includes a real-time electrophysiology/hemodynamic (EH) evaluation mode 
circuit 56. The EH mode, in which arrhythmia detection by the bipolar electrodes 144 and 152 (Figure 7) 
and/or 154 (Figure 2a) is inhibited, is initiated by command from the programmer 48. The cardiac pacer unit 
36 then is placed into the WT mode (i.e.. ventricular pacing, ventricular sensing, pulse triggered by sensed 
25 event), but with standard electrophysiology equipment providing simulated R-waves to the programmer 48 
via a telemetry link. During this move, the internal recorder 40 also transmits electrocardiogram (ECG) data, 
ventricular motion data, and blood flow rate data to the programmer 48. By using the EH mode, the 
patient's risk. of arrhythmia genesis and the most effective treatment modes can be determined/ and 
pumping settings of the ventricular assist device 10 can be adjusted to reduce energy requirements and 
30 optimize blood flow and/or pressure. 

The cardiac pacer unit 36. cardioverter/defibrillator unit 38, and biological recorder 40, as well as the 
energy storage device 34, are of types known to those skilled in the art. The cardiac pacer unit 36 is 
noninvasive^ programmable, has automatic gain control of the input stages, and provides ventricular, atrial, 
dual chamber, and antitachycardia pacing as required. The cardioverter/defibrillator unit 38 is noninvasively 
programmable, has automatic gain control, and is energized from the energy storage device 34 to provide 
synchronized defibrillation or cardioversion pulses as required. 

The cardiac pacer 36 and cardioverter/defibrillator 38, in conjunction with the control system 28 and 
signals from the cardiac electrodes 144 and 152 of the pressure plate pumping assemblies 118 and from 
the atrial cardiac electrodes 154. typically diagnose tachyarrhythmias using three criteria: rate, morphology, 
and rate acceleration. (Additional detection parameters can include rate stability and sustained high rate) 
For this purpose, a rate-detection circuit 58 (Figure 1) of the control system 28 counts the R-waves as 
detected by the bipolar electrodes 152, for example, and compares this rate with two or more programmed 
rate thresholds. A morphology-detection circuit 60 examines the shape of transcardiac signals sensed by 
rectangular electrodes 144 and determines when an absence of isoelectric time occurs, which is char- 
acteristic of tachyarrhythmias. Further, an acceleration-detection circuit 62 compares the rate of change of 
the heart rate with a programmed threshold, rapid acceleration normally being associated with treatable 
tachyarrhythmias. For example, during exercise-induced sinus tachycardia, rate accelerates typically at 20 
beats per minute per second, whereas spontaneous ventricular tachycardia typically results in a rate 
acceleration of about 90 beats per minute per second. Tachyarrhythmias can also be detected by motion 
sensors because, for example, the ventricle 12 will quiver rather than contract rhythmically during 
ventricular fibrillation. Combinations of these criteria identify various types of arrhythmic conditions, and for 
each type an individual treatment sequence can be programmed into the control system 28. Also, in the 
event of ventricular arrhythmias that cannot be controlled by the arrhythmia-control units 38 and 38, the 
control system 28 can be programmed to revert to an asynchronous ventricular assist mode to ensure 
55 adequate, or at least life-supporting, blood flow. 

Bradycardia diagnosis may be accomplished using signals from the atrial bipolar electrodes 154 (Figure 
2a) and ventricular bipolar electrodes 152 (Figure 7) on a beat-by-beat basis. Other rate-responsive 
physiological signals may also be used. These signals include venous blood temperature, oxygen content 
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20 


25 


of the blood, blood pH respiration rate, muscle activity, and QRS duration. If the heart 102 goes into 
bradycardia and pacing is required, one optional control mode could be to have the pacer 36 search for the 
opt.mum pacing rate as determined by measuring cardiac output versus rate 

rann^^T ? "? he f , 102 !"»" the cardiac P a «* ""it 36 are typically in the microjou.e energy 
rates fi50 Tsnn ? ° ^'f PaC ' n9 (6 °- 12 ° PU ' SeS P * r minute) for bradycardia, or at very higX 

fL-K^, . PUS6S P9r mi " U,e) t0 treat ^arrhythmias. Output pulses from the cardiover- 
ter/defibrillator unit 38 are typically in the range of 0.1 joules to 50 joules anS are either asynchronous or 
synchronous with the R-wave. In the event cardioversion/defibrillation is required, the coS TsZ 28 
would ensure full compression of the pressure plate assemblies 118 before counte shock de ve7teTeby 
m,n,m, 2 ,ng the vo.ume of blood in the heart and achieving a lower cardioversion/defibSn energ^ 

.n«T h a e n H ntemal biOl09 i Ca '. reC ° rder 40 reC ° rdS and ^ electro 9ram events, such as tachyarrhythmia 
onset and conversion; dev.ce status, such as battery condition; ventricular motion; and blood flow rate The 
recorder 40 may utilize a delta-modulation scheme to achieve analog-to-digital conversions of the sionals a^ 
atypical bit/second rate of 200. The delta-modulated data can then be Led. foreSmpteTn * ScS 
,^!L °° mmand , 6 pr09rammer unit «• the rec <"°er 40 then can delta-demodulate the stored data 
o praduce an analog vottage which can be transmitted to the interrogation unit 50 by way of a teSmet^ 
link 64. The recorder 40 can telemeter on-line data as well as stored data if desired le.emetry 
The batteries 166 of the internal rechargeable power supply 32 may be four or five lith- 
.um/molybdenum/disulfide rechargeable "AA" cells (in series), such as those available from Mo. Energy 
Um.ted of Vancouver. Bntish Columbia. Canada. The typical characteristics of each battery 166 a^ as 


Ampere-hour capacity 

0.7 A 

Average vottage 

2.0V 

Watt-hour capacity 

1.4 W 

Weight 

20 grams 

Volume 

8 cc 
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Some of the important advantages of the batteries 166 over nickel cadmium batteries normally used in 
ventr.cu.ar ass.st devices include an increased energy density (by a factor of about 2.5); weigh reduln 
from 200 grams to 80-100 grams: ,ower interna, impedance, resulting in .ess power .oss; higher vo tege per 
ceM. an .ncrease .n energy retention by a factor of about four (10% per month versus 40% per month at 

Zlaul^T^ S 'TT W e : hanC6S SySt6m effidenCy: a " d 3 feliable state-oT/remaS ng 
capacty md.cator (cell vottage). whereas there is no indicator for nickel cadmium cells. The absence of an 

rlnT./tH SUdde " Unantici 'P a,ed device sh "^n. placing the patient at risk. Using eel 

Z Ml, L rema,n,n 9^P ac,t y ,ndicatof - *e depth of cell discharge is accurately controlled by allowing 
the ee l vottage to vary between two predetermined voltage limits, which in turn allows thousands of 
charge/d.scharge cycles to be achieved. This is achieved by monitoring battery voltage continuously from 
the control system 28. automatically activating a charging circuit (not shown) of the recha^able 00^ 

h *" 3 T* '° Wer V0,ta9e " reaChed ' "« ^activating the charging 9 cfcuitTn 

battery vottage reaches a preset upper limit. 

™ Jl^n ,he J! fe ° f imPlanted P ° Wer SUPP ' y 32 ' 3 d0Se,y cou P' ed ma 9" e « c *™it (not shown) 
comprising a movable magnet in a coil of wire can be integrated into the driver arms 122 and 124 Tlfis 
magnetic circuit would convert into electrical energy some of the mechanical work done as the pressure 
plate pumping assemblies 118 are expanded during the filling phase of the ventricle 12. The electrical 
energy wou d then be supplied to the implanted rechargeable batteries 166. Further, power lost through 
truncation of cardioversion/defibrillation pulses, which is required for effective ventricular tachya Chmia 
converse, can be returned to the rechargeable batteries 166 using power MOSFETS instead of SCRs in 
the output circuits of the cardioverter/defibrillator unit 38. 

The highly efficient batteries 166. combined with the high efficiency of the ventricular assist device 10 
permit the internal power supply 32 to operate the implanted device at nominal blood flows for hours before 
requiring recharging. Further, because the batteries 166 do not off-gas. they can be hermetical seated 
within the electronic module's titanium case 114 for enhanced long-term reliability. Thus, the patient's vest- 
or tether-free time is significantly increased, with a corresponding increase in quality of life 

Referring again to Figure 1. the functions of the transcutaneous power supply 46 and the program- 
mer/interrogat,on units 48. 50 will now be further described. The externa, transcutaneous power supplyTe 
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composes about 15 power cells (not shown), such as the batteries 166. in a "C" configuration connected in 
senes The external power supply 46. which weighs about two pounds and is worn SSfSSTTlS 
or vest (not shown), keeps the internal power supply 32 fully charged while providing power ft The Sterna 
subsystem 14 for at least 10 hours without recharging. At nominal conditions. tJZ^Zeo J^er 
supply 46 can operate the internal subsystem 14 up to a day before being recharged oTrep"aced STa 
fully charged new power supply belt or vest. repiacea with a 

is Jrnmn?r^ U$ T-l tr3nS T ission from ejrtemal P°"« supply 46 to the internal power supp.y 32 
s accompl shed by two .nducfvely coupled concentric coils, one of which is a primary coil (not shownHn 
the external power supply, and the other of which is the pickup coil 116. The latter se^ondar* in Zv Z 

' imZff y "f, W ' thin e ' eCtr0niC m ° dU,e ^ 114 {3S ° Ul,ined in S'ZdTl^ 
.mplanted separately, protected by a butyl rubber coating which is then encapsulated in a polyeme^bLed 

elastomenc uret ane Energy transmission to the secondary coil 116 can typically be peXed aM5u 

KHz Because of the large surface area for transcutaneous power transmission, the resulting Stromao 

neflc rad.at,on to the patienfs tissue is low - in the range of the earth's magnetic field e,ec,ro ™9 

with r™l°SJ nk f P T rtS noninvasive cramming and interrogation of the internal subsystem 14 
wrth commutation from the programmer 48 to an internal device 68 in the control system 28 Lino 

th^™^ T T 10 f r UenCV (RF) t6Chnique - ^—'cation from the intern di ce S to 
the prog ammer 48 can be by either an RF channel or an audio channel, the latter using a piezoelectric 
speaker (not shown). Communication on either channel can be digital for data transnSn or ana!of for 
transm.ss.on of real-time or recorded electrocardiograms, for example ^ 

44 J,l th h a eVent 1 0f b T rf deP ' eti0n ° f faHUre °' ,h9 388151 SyStem 14 ' 16 ' the manual P um Pi"9 mechanism 

^ TS^SlT^S^ T AS iS Sh0W " R9UreS 23 «« 2b ' ,he -ecnanfsm 44 IncludS 
in add.fion to the push button 108. a cylindrical housing 70 and an annular flange 72 for maintain.no the 
posrt,on o the hous.ng Jhe annular flange 72 is connected to the elastomeric tube 182 (Figure l o» the 
flu.d coupl.ng bet.een the paired bellows 180 (Figure 4d) and 184 (Figures 4a. b and c) by a similar flexible 
plastc tube 74. The push button 108 may be biased outward by. for example, a coi spring ?^ 
^ZT,r\T° n l 06 iS d6PreSSed> Pr6SSUre iS 6Xerted °" the f,uid in *• tubes 74 and' 82 and thus 
3CtUat0r h ° USin9 128 (R9Ure 4a) " ™ S in turn "W» the driving wedge 186 and 

s CaUSm ? PreSSUr9 P,at9 aSSemb ' ieS 118 10 COmpreSS ,h8 utricle 12. 'should be 
understood that other manual pumping designs are possible; for example, in the absence of a fluid couplinq 
system, the push button 108 may be connected to a flexible drive rod 9 

that^n^T T 10 " 10 '" accordance with the invention are considered advantageous in 

IL^ i V f U d be C3Pable °' SUpP ° rtin9 fu " cardiac out P ut - if pessary. Each device 10-10"' is 
capable, for example, of supporting a failed left ventricle 12-12'" with a continuous output of 7-10 liters per 

mmHo if ZV° 6XCeed 3 PUmP ra,e °' 120 PW minu,e into a maan a * a " a ' pressure oT m 
mmHg (wh.ch might be assocated. typically, with a peak arterial pressure of 150 mmHg.) and a maximum 

fill mg pressure of about 15 mmHg. In addition, the rate of pressure rise and fall due to pumping assTsTce 

will be low enough to avoid excessive blood turbulence, hemolysis, or blood cavitation FuZrmore "he 

pressure p ate assemblies 118-118'" or resilient bands 300-300'. which are external to *e ^enWcu£ 

cavfles of he heart 102-102'". do not impede venous return, compromise any organ system or TegnZ 

blood c.rculat.on n the coronary arteries. The devices 10-10'" also eliminate L need, present n , certain 

VentnCU ' ar f SSlSt d8V,CeS ' ,0f 3 Sep3rate C0mpli3nce chamber < dis P la «* vo ume comiensaTon 
for cycle changes ,n volume between pumping sacs and encapsulating shells), which may be compromised 
by fibrous tissue encapsulation and which requires periodic replacement of gas which has diffused through 
the compl.ance chamber materials. The invention also eliminates the need for any valves, which have 
inherent and well-documented problems in prior known cardiac assist devices 

al. imlnl ^ZT™? d6ViCeS '* 3 ' S ° advanta 9e°"S " that it reduces the total weight of 

aN .mplanted components, when compared to the total weight of known prior art ventricular assist devices 
The overall we.ght of the components, including batteries 166, is in a range of 400-500 grams which 

SoOgrams 3 ^ ^ * * ^ Pri0r ^ « ^era.ly'weigh SS 

IM^SJSTST ? V6ntr .! CU,ar 3SSiSt d6ViCe 10 iS ,hS ,,Uid C0Up,in 9 between tha bellows 180 and 
184 constrtutes a fa.lsafe mechan.sm whereby the pumping mechanism 20, in the event of motor failure 

T f3i I™ 6 ™" 1 ° f the h63rt 1 ° 2 - Addi t ional| y. several embodiments of the invention 
would permit separate implantation of the motor housing 22, with only the pumping mechanism 20 

Z nZ n^T , 9 t T Furthermore ' for a » venW cular assist devices tO-10'", the electronic module 
30 need not be implanted near the pumping mechanism 20-20'. but may be remotely implanted This 
modular construction facilitates replacement of components, should any fail, and also 
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determining the optimum implant sites for the individual patient's physiology. 

In summary, new and improved biocompatible ventricular assist and arrhythmia control devices 10-10" 
have been d.sclosed. For example, device 10 can be completely and readily implanted in the body of a 
patent user, eliminating the need for tethering to an external power supply; is of relatively simple, light- 
weight, and compact construction; requires only a small amount of energy for reliable operation over an 
extended period of time; incorporates a control mechanism for determining left ventricular stroke volume 
and for chang.ng compressive force, as needed, to assure an adequate supply of oxygenated blood- and 
includes bradycard.c and tachyarrhythmic control features, which will facilitate device operation in synchro- 
ny w,th left ventricular contraction. In addition, the rechargeable power supply 32 of the device 10 can be 
readily recharged transcutaneously. and the device can be noninvasive^ programmed and interrogated 
The device 10 places no foreign, nonbiological materials in contact with the blood flow, thereby avoiding the 
documented danger of clotting and associated body malfunctions. The device 10 also is capable of 
providing effective mechanical circulatory support to the ventricle 12 of the heart 102 while myocardial 
function recovers postoperatively. 

ft is intended that all matter contained in the above description and shown in the accompanying 
drawings be interpreted not in any limiting sense, but as demonstrative, ft is also to be understood that the 
following claims are intended to cover all of the generic and specific features of the invention. 

Claims 

1. A ventricular assist device which can be implanted in a patient user exterior to the heart which 
comprises: 

- a pumping means which includes one or more movable ventricle compression assemblies for 
engaging an outer surface of at least one heart ventricle; 

- operating means for cyclically actuating the one or more compression assemblies such that the 
ventricle is, first, compressed to aid blood ejection therefrom, and second, released to permit 
refilling; K 

control .means for regulating actuation of the operating means; and 

- an electrical power source; 

which also includes a means for recording data produced during the operation of said ventricular assist 
device, the recording means being implantable and capable of transcutaneous interrogation. 

2. The ventricular assist device as recited in claim 1 , in which the pumping means also includes- 

- a rigid support member external to the heart; 

- at least one resilient band having an intermediate portion surgically implantable in an interven- 
tricular wall of the heart, the band having opposite ends which connect to the rigid support 
member; and 

- one or more of the movable ventricle compression assemblies positioned between the rigid 
support member and the resilient band. 

3. The ventricular assist device as recited in claim 1 or 2, in which the pumping means includes at least 
one resilient band having an intermediate portion surgically implanted in an interventricular wall of the" 
heart and having end portions fixed to two movable ventricle compression assemblies such that 
actuation of the compression assemblies constricts the at least one resilient interventricular band and 
thereby compresses the ventricle. 

4. A cardiac compression assembly which is intended for use in a cardiac assist device and which 
includes: 

- a pressure plate; 

- a contact pad mounted on the cardiac compression assembly for gluing and/or suturing the 
assembly to at least one cardiac chamber; and 

- mounting means for mounting the cardiac compression assembly in a cardiac assist device. 

5. The cardiac compression assembly as recited in claim 4, which further includes one or more electrodes 
mounted thereon for sensing cardiac signals, transmitting said signals along one or more insulated 
electrical conductors, and/or delivering heart pacemaker or cardioverter/defibrillator pulses to the heart 
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The cardiac compression assembly as recited in claim 5, which further includes a cable that contains 
the one or more electrical conductors and that is itself mounted on said cardiac compression asSmb.y 

Tr i0n aS T b ' y 33 redted in any0 " e ° f the C,aims 4 10 6 - in which compression 
plate is formed of titanium or platinum alloy. 
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FIG. 2a 
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FIG. 4b 


FIG. 4c 
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FIG. 5b 
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FIG. 3a 


FIG. 3b 
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FIG. 6 


FIG. 7 
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